Introduction: This phase I/II trial was designed to determine the maximally tolerated dose of thoracic radiotherapy as part of a combined modality approach. This report includes the long-term outcomes of patients treated on this study. The phase II portion was never completed, as RTOG-0617 opened before it was concluded.
Introduction
Lung cancer is the most common cause of cancer deaths in the United States, resulting in an estimated 224,390 new cases diagnosed and 158,080 deaths in 2016. 1 Most patients are not candidates for resection because they are not fit enough for surgery, have unresectable disease, or have metastases at the time of diagnosis. Today, the standard of care for patients with NSCLC who are not candidates for resection is stereotactic body radiation therapy for those with early disease and chemoradiotherapy for those with locally advanced disease. 2 The chemotherapy and thoracic radiotherapy (TRT) are best administered concurrently in patients fit enough to withstand the rigors of combined modality therapy. 3 Progress in the treatment of lung cancer has occurred over several years. In 1966, Wolf et al. reported on a phase III trial that randomized patients with localized advanced lung cancer to either TRT or a placebo. 4 Total doses ranged from 40 to 50 Gy in daily doses of 1.5 to 2.0 Gy. The median survival of patients undergoing TRT was 142 days compared with 112 days (p ¼ 0.05) for the patients who received placebo. This established the role of TRT for unresectable lung cancer. The Radiotherapy and Oncology Group (RTOG) (now NRG Oncology) performed a trial, RTOG 7301, that investigated various dose fractionation regimens. Patients with locally advanced NSCLC received TRT alone in 2-Gy daily fractions to total doses of 60 Gy, 50 Gy, or 40 Gy. A dose of 60 Gy was found to be better than 50 or 40 Gy in terms of local control. 5 Since that time, 60 Gy in 30 fractions has been considered a standard regimen. After this report, randomized trials found that the addition of induction chemotherapy to TRT improved survival. [6] [7] [8] Later trials found that concurrent chemoradiotherapy was superior to sequential therapy. 3, 9 Questions remain as to what the optimal dose fractionation of TRT is when used as part of a combined approach. There is a widely held opinion that 60 Gy is inadequate to sterilize most large epithelial malignancies. This was based on classic tumor dose-response studies 10 and a large trial that included biopsy specimens obtained after combined modality therapy. 7 There were three phase I trials performed that sought to define the maximally tolerated dose (MTD) of TRT that could be administered concurrently with weekly paclitaxel and carboplatin. Two of the studies, RTOG 0117 and NCCTG N0028, established the MTD of TRT to be 74 Gy when given in 2-Gy daily fractions with concurrent paclitaxel and carboplatin. [11] [12] [13] The third trial included induction chemotherapy followed by concurrent chemoradiotherapy, with doses escalated from 60 to 74 Gy in 2-Gy daily fractions. They found no doselimiting toxicity (DLT) within this dose range and thus did not define the MTD. 14 The present analysis examines the long-term outcomes of patients treated as part of NCCTG N0028. After the phase I portion of the trial, accrual increased at that dose level as part of the phase II portion of the study. This accrual was curtailed as RTOG 0617/NCCTG 0628/ CALGB 30609 was opened. It was a phase III trial that randomized patients to concurrent chemotherapy (paclitaxel and carboplatin) and either 60 Gy or 74 Gy of radiotherapy (RT) in 2-Gy daily fractions. A second randomization that included either cetuximab or no cetuximab was later added.
Material and Methods
Patients included in this trial had surgically or medically unresectable biopsy-proven NSCLC, an Eastern Cooperative Oncology Group performance status of 1 or less, weight loss of less than 10% in the prior 3 months, no prior treatment for the lung cancer, and adequate pulmonary and laboratory parameters. Required laboratory parameters included an absolute neutrophil count of at least 1500/mL, a platelet count of at least 100,000/ mL, a total bilirubin level not exceeding 1.5 times the upper limit of normal, an aspartate transaminase level not exceeding three times the upper limit of normal, and a creatinine clearance of at least 40 mL/min. Adequate pulmonary function was defined as a forced expiratory volume in 1 second of at least 1 liter. Staging included a medical history and physical examination, a chest radiograph, a computed tomography scan, a chemistry panel, and a complete blood cell count. Patients with supraclavicular adenopathy or more than "minimum" pleural effusions were not eligible. This study was approved by each participating institutional review board, and all patients provided signed informed consent based on international standards. Of these 25 patients, 20 had stage III disease and five had stage I or II disease.
During TRT, concurrent chemotherapy was administered weekly and included intravenous carboplatin (area under the curve ¼ 2) and paclitaxel (50 mg/m 2 ). The patients did not receive planned chemotherapy after completing the TRT.
The TRT included daily doses of 2 Gy on weekdays to an initial dose of 70 Gy (dose level 1). The total dose was escalated in 4-Gy increments until the MTD was determined by utilizing a "cohorts of three" study design for the phase I portion. The clinical target volume was based on computed tomography findings and included the primary tumor plus adenopathy (any lymph node >1 cm in short diameter). The planning target volume (PTV) included the clinical target volume plus respiratory motion. The TRT was delivered by using three-dimensional treatment planning with fields that included 1.5-cm margins between the PTV and the block edge, ensuring adequate disease coverage. Multiple fields were used without elective nodal RT to adjacent, clinically negative nodes.
The dose was prescribed to an isodose curve that encompassed at least 95% of the PTV. No more than 20% of the PTV received more than 110% of the prescribed dose. No more than 1% of the PTV received less than 93% of the prescribed dose. No more than 1% or 1 cm 2 of the tissue outside the PTV received more than 110% of the prescription dose. Treatment was delivered with 6-or 10-MV x-ray beams. Tissue inhomogeneity corrections were not used. The following dose-volume limitations were required: none of the spinal cord received more than 48 Gy, no more than 40% of the total lung volume received more than 20 Gy, the entire circumference of the esophagus did not receive more than 60 Gy, the brachial plexus did not receive more than 60 Gy, one-third of the heart did not receive more than 60 Gy, two-thirds of the heart could not receive more than 50 Gy, and the entire heart did not receive more than 40 Gy. Every effort was made to avoid the overlap of all treatment fields on skin or subcutaneous tissues.
A radiation oncologist (S.E.S.) and a physicist (Geoffrey Ibbott, PhD, M.D. Anderson Cancer Center, Houston, Texas) reviewed each plan for quality assurance before any therapy. Any deviations from the guidelines were corrected before treatment. Three-dimensional treatment planning was used; most plans included a five-field or six-field approach.
The MTD was defined as the highest dose at which no more than one patient out of six had DLT, with the next higher dose resulting in no more than two of six patients having DLT. The DLT was defined as grade 3 or greater esophagitis or pneumonitis or grade 4 or greater radiation dermatitis, hematologic toxicity (for 5 or more days or with fever), dyspnea, or other nonhematologic toxicity. Adverse events (AEs) were graded by using the Common Toxicity Criteria Version 2.0. Any patient failing to complete therapy (defined as RT and chemotherapy) for any reason other than toxicity attributable to study treatment was considered not evaluable and was replaced. Dose escalation was performed after patients in a cohort were observed for a minimum of 1 month after the completion of RT.
Results
A total of 25 evaluable patients were treated on this trial from July 2002 to January 2008. Included were seven women and 18 men with ages ranging from 48 to 83 years (median 71 years). Clinical stages included I or II (five patients) and III (20 patients). See Table 1 for the baseline characteristics of the patients treated on this trial.
The phase I portion of the trial followed a cohorts of three study design. The first three patients were treated at dose level 1(70 Gy in 35 fractions), with none having a DLT. The second cohort of three patients received 74 Gy in 37 fractions with no DLTs. Three patients were then treated at the third dose level (78 Gy in 39 fractions).
In one of the first three evaluable patients receiving 78 Gy, a DLT developed during the observation period. One more patient was treated to 78 Gy and had a DLT. Then, three more patients were treated at the second dose level, 74 Gy. One of the six patients treated at dose level 2 had a DLT, and the phase I portion of the trial was closed. 13 Of the 15 patients, 13 evaluable patients received protocol treatment. Twelve more patients were treated at the MTD of 74 Gy. Accrual stopped when RTOG 0617 opened. Therefore, a total of three patients received 70 Gy, 18 patients received 74 Gy, and four patients received 78 Gy.
Patients were followed until death or, in the case of survivors, for a minimum of 5 years after registration. All data were censored at 5 years for those alive longer than 5 years. Progression-free survival (PFS) and survival data were analyzed. Median and 5-year survivals were 42.5 months and 20% for all patients, 52.9 months and 40% in patients with stages I/II disease, and 39.8 months and 15% in patients with stage III disease (Fig. 1A and B) . PFS values are shown in Figure 1C and D. The 95% confidence intervals for both survival and PFS are shown in Figure 1B and D.
Dosimetry information for the lung and heart exposures were collected and can be found in Table 2 . Toxicity (AEs) was evaluated by using the Common Toxicity Criteria for Adverse Events, version 2, and is summarized in Tables 3 and 4 . Overall, grade 3, 4, and 5 AEs occurred in 60%, 4%, and 16% of patients, respectively. The distribution of hematologic and nonhematologic AEs is shown in Table 3 , and specific systems affected by these AEs are shown in Table 4 . Grade 5 toxicity occurred in four of 25 patients (16%) and included pneumonitis, infection/febrile neutropenia (two patients), and gastrointestinal hemorrhage. Patterns of failure were also studied and are found in Table 5 . Nineteen patients had progression, and of these patients, three had no specific sites recorded. Isolated local failure alone occurred in four of 25 patients (16%) (three in-field failures and one out-of-field failure), distant failure alone occurred in 11 patients (44%), and both local and distant failure occurred in one patient (4%).
Discussion
This is the only phase 1 study for unresectable NSCLC that has included concurrent carboplatin, paclitaxel, and escalating doses in daily doses of 2 Gy alone. RTOG 0017 contained a phase 1 portion that included various daily doses, although it too arrived at the MTD being 74 Gy in 37 fractions. The median survival was 39.8 months in stage III patients in the current study and 21.6 months in the phase II portion of the RTOG 0117. 11 The median survival was 52.9 months in stage I or II patients in the current study. These studies and others led to the phase III randomized trial RTOG 0617/NCCTG 0628/CALGB 30609. 15 As in NCCTG 0028 and RTOG 0117, concurrent carboplatin and paclitaxel were administered with 74 Gy or 60 Gy of radiation in 2-Gy daily fractions, which resulted in median survival times of 20.3 and 28.7 months, respectively. Thus, from the aforementioned data one can conclude that RTOG 0117 and RTOG 0617 found that concurrent chemotherapy plus high-dose conventionally fractionated TRT (74 Gy) resulted in virtually identical median survival times in locally advanced NSCLC of 21.6 and 20.3 months. Thus, the investigators' expectations were met from this perspective. The surprising finding was that the patients in the low-dose arm receiving only 60 Gy achieved a favorable median survival of 28.7 months. However, this should not have been a complete surprise as there was evidence published that patients treated with concurrent doublet chemotherapy and conventional doses of involved field RT did have similarly favorable median survival. 16, 17 It appears that involved field TRT appears to increase survival by lessening the toxicity resulting from irradiating greater volumes of lung, esophagus, and heart than when one electively irradiates clinically negative lymph nodes in the chest. One lesson was that high-dose TRT (74 Gy) may also be decreasing survival compared with lower-dose TRT (60 Gy), related to excessive heart exposure. 15 NCCTG N0028 achieved very high median survival of 39.8 months in stage III patients. This may be due in part to the fact that the patients treated on NCCTG N0028 had very small heart exposures, with median V40 and V50 values of less than 1% and a median V60 value of 0%. Additionally, all plans were double-checked for protocol compliance before therapy, which may have aided in protocol compliance and outcome. Also interesting was the 5-year survival rate of 15% in stage III patients in NCCTG N0028; the patterns of failure data found on Table 5 suggest that that distant failure continues to be the dominant pattern of failure. Thus, improving systemic 
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April 2017 NCCTG N0028 (Alliance) Resultstherapy with new strategies will be critical to decreasing mortality further. In spite of relatively high median survival results, grade 5 toxicity resulting in death was also high, occurring in four of 25 patients (16%). Investigators continue to experiment with methods to potentially enhance the survival of patients with NSCLC who receive TRT. Progress was made with induction chemotherapy followed by TRT. 18 Then, concurrent combined modality therapy was determined to be superior to sequential therapy. 3, 9 Recent RT advances include the use of involved field TRT, which has improved survival, and intensity-modulated RT, which has decreased pneumonitis. 16, 17, 19 Both hyperfractionation and hypofractionation have led to favorable survival outcomes as well. 20, 21 RTOG is currently investigating TRT dose intensification with adaptive photon therapy and improving the dose distribution with proton therapy. The Alliance has been investigating targeted therapy and immunotherapy with TRT.
This study helped establish the MTD for TRT when administered in conventional 2-Gy daily fractions with concurrent carboplatin and paclitaxel. It was referenced in RTOG 0617/NCCTG 0628/CALGB 30609 as aiding in the selection of the high-dose program. Although the survival in the high-dose arm of that trial was inferior to that in the standard (60-Gy) arm, the present study resulted in a very high median survival for patients with stage III NSCLC. This could be because it was small and the result of chance or possibly due to having seasoned investigators checking all plans before therapy. Additionally, the patients in this trial did have very low RT doses to the heart, which may have enhanced patient survival. In any case, we continue to explore various TRT options to improve patient outcome. Improvements in care for patients with unresectable NSCLC will require improving both systemic therapy and TRT. 
